INTRODUCTION
Syndecans are a family of membrane-spanning proteoglycans with glycosaminoglycans covalently bound to their ectodomain and components of focal adhesion complexes recruited to their intracellular domain (10, 42) . Syndecan-4 (Synd4) is a ubiquitous member of the family and is highly expressed in endothelial and epithelial cells in the kidney and other organs (19, 40) . Its main functions include those of a coreceptor for fibroblast growth factor, binding and concentration on the cell surface of heparin-binding growth factors, such as VEGFs and PDGFs, and establishment of focal adhesions between the extracellular matrix and intracellular cytoskeleton. This explains the observations that cells deficient in Synd4 exhibit morphological abnormalities and migration defects (9) , whereas mice with Synd4 knockout exhibited delayed wound repair and increased sensitivity to LPS and to myocardial ischemia (8, 14, 24) . On this background, it has recently been reported that Synd4 knockout protects against tubulointerstitial fibrosis (33) . Since the functions of Synd4 ectodomain, cleaved constitutively, but especially under inflammatory conditions, are probably distinct from those of the whole molecule membrane-spanning form, we sought to examine whether either of those could be incriminated in fibrogenesis.
On the basis of previous demonstration of the link between sirtuin 1 (Sirt1) and Synd4 through the regulation of NF-B (15, 30, 37) , we selected mice expressing catalytically defective Sirt1 in endothelial cells, which have been shown to represent a model of global endothelial dysfunction and exaggerated fibrogenesis (6, 39) . Sirt1, a member of a larger family of deacetylases, is a NAD ϩ -dependent enzyme with cytosolic and nuclear localization and a multitude of metabolic functions. Sirt1 activity and expression are reduced in aging and diverse diseases, from cardiovascular to neoplastic (12) . Potente et al. (32) and our group (39) have previously established mice with the excised exon 4 of Sirt1, which disables its catalytic activity. When crossed with Tie-2/Cre mice, the abnormality of Sirt1-induced deacetylation is limited predominantly to endothelial cells. The Sirt1 endoϪ/Ϫ mouse model has a broad applicability because endothelial Sirt1 deficiency is a constant companion of a broad range of chronic cardiovascular, metabolic, and renal diseases (6, 39) . Sirt1-deficient endothelial cells exhibit all criteria of dysfunction, such as reduced endothelium-dependent vasorelaxation; microvascular rarefaction; impaired endothelial cell migration, sprouting, and matri-lytic activity; premature senescence; and an exaggerated fibrotic response (6, 18, 32, 39) . In view of the fact that Sirt1 endoϪ/Ϫ mice have an exaggerated, endothelium-initiated fibrotic response, we examined the function of Synd4 under basal conditions and after a fibrogenic stimulus in these mice. Our findings are consistent with Synd4 ectodomain participation in renal fibrosis and highlight the existing mechanistic link between endothelial cells in their dysfunctional state, the loss of glycocalyx, and fibrogenesis via accumulation of Synd4 ectodomain in the renal extracellular matrix.
MATERIALS AND METHODS

Reagents and antibodies.
The following antibodies were used: CD31 (BD Pharmingen no. 553369, BD Biosciences), F4/80 (no. 14-4801-82, eBioscience), p65 (no. 8242S, Cell Signaling Technology), PDGF receptor-␤ (PDGFR␤; provided by Dr. W. Stallcup, Sanford Burnham Institute, La Jolla, CA), Synd4 (sc-12766, Santa Cruz Biotechnology), and ␣-smooth muscle actin (␣-SMA; ab5694, Abcam).
The following reagents were used: collagenase type H (Roche), collagenase/dispase (Roche), DMEM (no. Isolation of renal microvascular endothelial cells or fibroblasts and preparation of cell-conditioned medium. Primary renal microvascular endothelial cells (RMVECs) were isolated from adult mouse kidneys using magnetic beads. To prepare a single cell suspension, kidneys were decapsulated, minced, and incubated (37°C, 40 min) with collagenase type H (1 mg/ml), collagenase/dispase (1 mg/ml), 2% FBS, and penicillin-streptomycin (100 g/ml) in DMEM-F-12 medium. After digestion was stopped by 0.5 M EDTA (pH 7.5), the single cell suspension was filtered through a cell strainer (40 m, Fisher Scientific) to remove glomeruli and arterioles, centrifuged, and resuspended in DMEM (American Type Culture Collection). Purified anti-CD31 antibodies were incubated with Dynabeads anti-rat IgG (4°C, overnight) before the cell isolation procedure. Cells were incubated with CD31 antibody-bead complex (4°C, 1 h), and a positive selection was performed by a Magnetic Particle Concentrator (Invitrogen).
Purified RMVECs were cultured on gelatin-coated plates in IMDM containing 15% FBS, 1% BSA, 0.01 mg/ml recombinant human insulin, 0.2 mg/ml human transferrin, 1ϫ penicillin-streptomycin, and 100 ng/ml each of recombinant mouse VEGF, basic fibroblast growth factor, and epidermal growth factor at 37°C in a humidified 5% CO2 atmosphere. The purity of primary cultures was confirmed by staining for CD31. If its purity was Ͻ85%, a second positive selection was performed 5 days after the first cell isolation. Cells were used between passages 1 and 3.
Primary fibroblasts were isolated from kidneys of ␣-SMA-green fluorescent protein mice using the above-described methods. A kidney single cell suspension was incubated with the PDGFR␤ antibody-bead complex (4°C, 1 h). PDGFR␤ antibodies were preincubated with Dynabeads anti-rabbit IgG (4°C, overnight). Primary fibroblasts were cultured on Matrigel-coated plates in DMEM containing 10% FBS at 37°C in a humidified 5% CO 2 atmosphere.
RMVECs from 1) control wild-type (WT) and 2) Sirt1 endoϪ/Ϫ mice were expanded and exposed to TGF-␤ (5 ng/ml, 48-h incubation), and conditioned medium was collected. The latter was analyzed using tandem mass spectrometry (MS/MS). In brief, we aspirated the culture medium and added 10 ml of prewarmed serum-free IMDM per 10-cm dish. The serum-free medium was exchanged three times, each lasting for 30-min incubation in the CO 2 incubator, and then replaced with IMDM containing 50 nM PMA for stimulation of protein secretion from cells, according to Tunica et al. (38) . Cells were incubated for 1 h in the CO 2 incubator; subsequently, conditioned medium was collected and centrifuged at 300 g for 5 min at 4°C, and supernatants were collected and stored at Ϫ80°C.
MS of the secretome of RMVECs. Tryptic digests were analyzed using Thermo Scientific Q Exactive, and the tandem mass spectra were extracted. All MS/MS samples were analyzed using Mascot (version 2.4.1, Matrix Science, London, UK). Mascot was set up to search the Swiss-Prot 2015_07 database (selected for Mus musculus, 16,723 entries) with trypsin as the digestion enzyme. Mascot was searched with a fragment ion mass tolerance of 0.020 Da and a parent ion tolerance of 10.0 ppm. Carbamidomethyl of cysteine was specified in Mascot as a fixed modification. Oxidation of methionine was specified in Mascot as a variable modification.
Scaffold (version Scaffold_4.4.5, Proteome Software, Portland, OR) was used to validate MS/MS-based peptide and protein identifications. The software normalizes the MS/MS data between samples. This allows us to compare abundances of a protein between samples. The normalization scheme used works for the common experimental situation where individual proteins may be upregulated or downregulated but the total amount of all proteins in each sample is about the same, as was the case in our experiments. There are two levels of "sample" in Scaffold. The MS level is the sample run through the mass spectrometer and the second level is the biological sample, and we performed replicates in both levels. Frequently, the biological sample is fractionated into multiple MS samples. Scaffold allows us to view the MS samples within a biological sample or to combine all MS samples into a single sample using the "MuDPIT" option. Normalization is done on the MS sample level. The normalization method that Scaffold uses is to sum the "unweighted spectrum counts" for each MS sample. These sums are then scaled so that they are all the same. The scaling factor for each sample is then applied to each protein group and adjusts its unweighted spectrum count to a normalized "quantitative value."
Peptide identifications were accepted if they could be established at Ͼ80.0% probability to achieve a false discovery rate of Ͻ1.0% by the Scaffold Local false discovery rate algorithm. Protein identifications were accepted if they could be established at Ͼ28.0% probability to achieve a false discovery rate of Ͻ1.0% and contained at least two identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (27) . Proteins that contained similar peptides and could not be differentiated on the basis of MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into clusters. Proteins were annotated with Gene Ontology terms from the National Center for Biotechnology Information downloaded on July 21, 2015, and August 11, 2015 (2). Compared with other proteins presented on the volcano plot, the number of peptides that were sequenced for syndecan-4 (Sdc4) was less. This impacts the position on the plot. In Fig. 1 , where we compared the spectral counts of syndecan-4 in different groups, the difference was more pronounced. In other words, if we have a highly secreted protein, this will show a higher significance in the volcano plot than a protein that is secreted in lower amounts, even if the latter is secreted only in one treatment group, as was the case with syndecan-4. CT, control (wild type); ST, Sirt1
Ϫ/Ϫ without transforming growth factor-␤.
Unilateral ureteral obstruction and subcapsular injection of the Synd4 ectodomain. Unilateral ureteral obstruction (UUO) was performed as previously described (17) . Briefly, under general 2% isoflurane anesthesia, a left flank incision was made, and the left ureter was ligated with two 4-0 silk ties. Wounds were sutured, and the skin was closed. Mice were euthanized 10 days postoperatively.
For subcapsular injection of the Synd4 ectodomain, a left and right flank incision was made, the kidneys were visualized, and 10 l of 1 g/ml Synd4 ectodomain or 10 l of vehicle solution (1ϫ PBS) were injected at the lower pole of the left or right kidney, respectively. The wounds were sutured, and the skin was closed. Surgeries were performed under general 2% isoflurane anesthesia, and mice were euthanized 5 days after injection.
Fluorescence microscopy, immunocytochemistry, and immunohistochemistry. Kidneys were fixed in periodate-lysine-paraformaldehyde (PFA) and cryosectioned (8-m-thick sections). Sections were blocked with 5% BSA in PBS for 1 h at room temperature followed by incubation with the primary antibody overnight at 4°C. The following primary antibodies were used: 1:100 dilution of CD31, 1:200 dilution of F4/80, 1:100 dilution of PDGFR␤, and 1:50 dilution of Synd4. Sections were incubated with the appropriate secondary antibody (Alexa Fluor 488, Alexa Fluor 594, and Alexa Fluor 647 at a 1:400 dilution) for 1 h at room temperature. Nuclei were counterstained with Hoechst or 4=,6-diamidino-2-phenylindole solution (1: 1,000 dilution) for 10 min at room temperature.
Renal fibroblasts were fixed in 4% PFA for 15 min at room temperature after 48 h of treatment with 1 g/ml of the Synd4 ectodomain or vehicle solution (1ϫ PBS). Cells were permeabilized with 0.25% Triton X-100 for 15 min at room temperature and blocked with 5% BSA in PBS for 1 h. Afterward, cells were incubated with primary antibody (␣-SMA, 1:200 dilution) for 1 h at 4°C followed by incubation with the appropriate secondary antibody (Alexa Fluor 488) for 1 h at room temperature. Nuclei were counterstained as described above.
RMVECs isolated from WT and Sirt1 endoϪ/Ϫ mouse kidneys were fixed in 4% PFA for 15 min at room temperature after 48 h of treatment with 5 ng/ml TGF-␤. Cells were blocked with 5% BSA in PBS for 1 h. Afterward, cells were incubated with primary antibody (p65, 1:200 dilution) diluted in PBS consisting of 3% FBS and 0.1% Triton X-100 for 30 min at room temperature followed by incubation with the appropriate secondary antibody (Alexa Fluor 594) for 45 min at room temperature according to Maguire et al. (22) . Nuclei were counterstained as described above.
Images were acquired using a compound Nikon microscope (TE-2000U) equipped with a Spot digital camera (Diagnostic Instruments, Sterling Heights, MI) or with a Nikon microscope (90i eclipse) equipped with a high-definition color camera (Nikon DS-Fi2). Images were analyzed using Adobe Photoshop and NIH ImageJ software.
Picrosirius red staining. Kidneys were perfused with ice-cold PBS and removed, and midcoronal sections were fixed in 4% PFA overnight followed by incubation in 70% ethanol (EtOH) and embedment in paraffin. Paraffin sections (4 m thick) were deparaffinized and rehydrated using the following series of washes: xylene 2 ϫ 10 min, 100% EtOH 2 ϫ 5 min, 95% EtOH 2 ϫ 5 min, 70% EtOH 1 ϫ 5 min, and distilled water 1 ϫ 5 min. Sections were then stained with hematoxylin for 10 min followed by collagen staining with 5% picrosirius red (Sigma) diluted in 5% acetic acid at room temperature for 1 h. After washing the remnant picrosirius red with 0.5% acetic acid, tissue sections were dehydrated with the remaining picrosirius red with 0.5% acetic acid in 70% EtOH 1 ϫ 30 s, 100% EtOH 1 ϫ 30 s, and xylene 1 ϫ 30 s and mounted in xylene. The fibrotic tubulointerstitial areas were imaged using polarizing microscopy and quantified using area fraction analysis by NIH ImageJ.
Dihydroethidium expression in RMVECs. RMVECs were seeded on a 96-well plate precoated with 1% gelatin and pretreated with 50 M Sirt1 inhibitor III (no. 566322, EMD Millipore) and 5 ng/ml TGF-␤ for 48 h. Cells were incubated with the superoxide-sensing fluoroprobe dihydroethidium (DHE; 1:1,000 dilution in DMEM) for 20 min at 37°C and washed twice with PBS, and the fluorescence intensity of DHE was measured.
Quantitative PCR analyses. cDNA was isolated from whole kidney samples of uninjured contralateral kidneys or UUO kidneys. Total RNA was extracted using TRIzol (Invitrogen). Purity of RNA was determined by the ratio of absorbance at 260 nm to that at 280 nm. After cDNA was synthesized, quantitative PCR was performed by a Mx3000P qPCR system (Stratagene) and PerfeCta SYBR Green FastMix (Quanta Bioscience). Expression of each transcript was normalized to that of 18S rRNA (Rn18S). The following primers were used: Rn18S, forward primer 5=-AAGGAGACTCTGGCAT-GCTAAC-3= and reverse primer 5=-CAGACATCTAAGGGCATCA-CAGAC-3=; and Synd4 (Mm00488527_m1, ThermoFisher Scientific). The fold change in gene expression was determined using the 2 Ϫ⌬⌬C t method (where Ct is threshold cycle).
Total volume of the glycocalyx. We used the comparative analysis of volume of distribution of glycocalyx-permeating and glycocalyxnonpermeating tracers, as developed by Nieuwdorp and colleagues (28, 29) and recently modified by us (35) . A total of 100 l of fluorescent-labeled dextran solution (3.75 mg/ml of 40-kDa dextranTexas red and 3.75 mg/ml of 70-kDa dextran-FITC in 1% albumin-PBS solution) were injected into the left jugular vein of anesthetized male C57BL/6 mice. Blood samples (50 l) were drawn from the right jugular vein at 3, 5, 10, and 15 min. The heparinized blood samples were then immediately centrifuged (10 min at 3,000 rpm), and 20 l of plasma were collected and stored at Ϫ20°C until further analysis. Plasma samples were diluted to 1:10 in PBS in a 96-well plate. The fluorescent intensity was measured at 575/620 nm for 40-kDa dextran-Texas red and 485/540 nm for 70-kDa dextran-FITC. The concentrations of both dextrans in each sample were calculated from linear least-squares fitting determined by fluorescence measurement of serially diluted dextran solution in PBS. The concentration (C)-time (t) curve for each dextran was constructed and fitted with the following least-squares monoexponential function: C ϭ C 0e
Ϫt . The initial volume of distribution for each dextran was calculated from the total amount of injected dextran (0.375 mg) divided by the concentration at time 0 (C 0). The difference between the initial volume of distribution for each dextran represents the whole body glycocalyx volume (Vglycocalyx ϭ 0.375/C1e
Ϫ1t -0.375/C2e Ϫ2t , t ϭ 0). To illustrate with an example, ideal calculations approximate the 40-kDa monoexponential curve to be approximately C40 kDa ϭ 0.48e Ϫ0.03t ; ideal calculations approximate the 70-kDa curve to be C70 kDa ϭ 0.52e Ϫ0.01t . The initial volumes of distribution (Vd) at t ϭ 0 are 0.78 ml (0.375/0.48) and 0.72 ml (0.375/0.52) for 40-and 70-kDa dextran, respectively. Subtracting Vd,70 kDa from Vd,40 kDa revealed the glycocalyx volume to be 0.06 ml (60 m 3 ).
Statistical analysis.
Values are given as means Ϯ SD unless otherwise mentioned. Data were analyzed using an independent t-test or ANOVA with post hoc analysis for multiple-group comparisons using the Bonferroni method. P values of Ͻ0.05 were considered statistically significant. All statistical analyses were performed with NCSS 10 (NCSS, Kaysville, UT).
RESULTS
Induction of Synd4 in the secretome of RMVECs of Sirt1
endoϪ/Ϫ mice. Considering the fact that Sirt1 endoϪ/Ϫ mice have enhanced fibrogenesis, it is apparent that their dysfunctional endothelial cells transmit signals that activate fibroblasts (6, 18, 39) . To determine the molecular identities of those signals, we performed unbiased proteomic analysis of cell secretomes. Specifically, we isolated RMVECs from WT and Sirt1 endoϪ/Ϫ mice, collected conditioned media under resting conditions or after activation with TGF-␤ 1 (5 ng/ml), and performed MS analysis, as we have previously reported (20) . Analysis of peptides present in the trypsin-digested secretome of isolated endothelial cells revealed that Synd4 was highly enriched in the secretome of RMVECs obtained from Sirt1 endoϪ/Ϫ mice upon stimulation with TGF-␤ 1 (Fig. 1) . This finding suggested that Synd4, and especially its soluble form, may represent one of the transmitted signals that activate fibroblasts and participate in the profibrogenic phenotype of these mice. The peptide sequences of Synd4 were not as highly detected as other proteins (Fig. 2) ; however, as a major proteoglycan component of the endothelial glycocalyx and an important binding partner, we decided to further investigate Synd4 in RMVECs and in UUO kidneys.
Synd4 expression in mouse kidneys under basal conditions and after UUO. We examined the expression of Synd4 transcripts in mouse kidneys obtained from WT and Sirt1 endoϪ/Ϫ mice, with or without UUO, and performed quantitative realtime PCR. We found that the Synd4 message level was almost 100-fold higher in Sirt1 endoϪ/Ϫ mice than in WT mice under basal conditions. Moreover, in UUO kidneys, the relative mRNA expression was increased 150-and 200-fold in WT and Sirt1 endoϪ/Ϫ mice, respectively (Fig. 3A) . These results show not only an increase in the message level of Synd4 after UUO but also an increase in the uninjured Sirt1 endoϪ/Ϫ kidney, supporting the hypothesis that endothelial Sirt1 deficiency induces the expression of Synd4.
To account for the selective induction of Synd4 in Sirt1 endoϪ/Ϫ mice, we performed experiments of NF-B nuclear translocation. It has been established that the NF-B response element is present in the promoter region of Synd4 (37) . Moreover, Sirt1 was found to deacetylate p65 protein, disabling its transcriptional activity (4, 44) and thus inhibiting NF-B-dependent inflammatory reactions (30, 44) . Therefore, we inferred that in Sirt1-deficient cells, deacetylation of p65 is decreased, leading to its liberation and nuclear translocation. Hence, we examined p65 in RMVECs isolated from WT and Sirt1 endoϪ/Ϫ mice. As shown in Fig. 3B , nuclear localization of p65 was significantly elevated in unstimulated RMVECs isolated from Sirt1 endoϪ/Ϫ mice and further increased after stimulation with TGF-␤ 1 (5 ng/ml). Notably, the difference in p65 Fig. 6 . Detection of the syndecan-4 (Synd4) ectodomain. A: quantification of the interstitial percentage of Synd4 and representative images of PDGF receptor-␤ (PDGFR␤)-, CD31-, Synd4-, and Hoechst-stained contralateral (CLK) and unilateral ureteral obstruction (UUO) kidney sections from wild-type (WT) and endothelial sirtuin 1-deficient (Sirt1 endoϪ/Ϫ ) mice (n ϭ 4). Scale bar ϭ 10 m. Arrows indicate profound Synd4 staining in the interstitial space. A Synd4-stained image was merged with the respective Hoechst-stained image. The total area of the Synd4 signal was measured using ImageJ software. In the next step, the area of the Synd4 signal coexpressed with cells was quantified and subtracted from the total area to obtain the interstitial area. Finally, the percentage was calculated (n ϭ 4). Horizontal lines indicate statistical significance (P Ͻ 0.05). B: protein sequences of Synd4 domains. Bold and underlined sequences were detected by mass spectrometry. Note that they cover 13% of all amino acids and are confined to the ectodomain sequence. C: representative images and quantification of dihydroethidium (DHE) fluorescence in renal microvascular endothelial cells treated with or without a Sirt1 inhibitor (n ϭ 4). Scale bar ϭ 50 m. Horizontal lines indicate statistical significance (P Ͻ 0.05). TGF, transforming growth factor. nuclear localization between WT and Sirt1 endoϪ/Ϫ RMVECs before and after stimulation with TGF-␤ 1 remained constant, suggesting that it is the intrinsic Sirt1 deficiency that promotes p65 translocation. Collectively, these findings indicate the state of NF-B-dependent Synd4 superinduction in Sirt1 endoϪ/Ϫ mice and RMVECs and the appearance of a secretory form of Synd4 in conditioned media obtained from Sirt1-deficient RMVECs.
Immunohistochemical experiments, in agreement with the above data, showed that the expression of Synd4 in UUO was significantly increased (Fig. 4, A-D) . In addition to this, UUO resulted in a significant expansion of the number of myofibroblasts, as judged by staining for PDGFR␤, and in microvascular rarefaction, as judged by CD31 staining, thus confirming our previous observations (18, 39) . In Sirt1 endoϪ/Ϫ mice, however, all these changes were dramatically amplified: accumulation of myofibroblasts, microvascular rarefaction, and overexpression of immunodetectable Synd4 were all significantly more profound in these mice, as was their fibrogenic response to UUO, as we have previously reported (18, 39) . As shown in Fig. 4E , in normal kidneys, one-half of immunodetectable Synd4 was coexpressed with the endothelial marker CD31. In WT UUO kidneys, the proportion of Synd4 coexpressed with the endothelium was increased, in contrast to Sirt1 endoϪ/Ϫ kidneys.
Following these immunohistochemical findings, we isolated RMVECs from WT and Sirt1 endoϪ/Ϫ mouse kidneys, exposed them to 5 ng/ml TGF-␤ for 48 h, and stained RMVECs for Synd4. In both types of RMVEC, immunodetectable Synd4 increased after exposure to TGF-␤, indicating increased synthesis by RMVECs (Fig. 5) . Notably, the amount of Synd4 was significantly reduced in Sirt1-deficient RMVECs at the basal state compared with WT RMVECs. Considering the global elevation of Synd4 staining of UUO kidneys in these mice and the diverse levels of Synd4 in WT and Sirt1-deficient RMVECs, the question that arises is the identity of the compartment that is responsible for increased Synd4 staining.
Increased deposition of the Synd4 ectodomain in the extracellular matrix. It has been previously demonstrated that the Synd4 ectodomain can be cleaved within the 15-amino acid juxtamembrane region by several sheddases, such as matrix metalloproteinase (MMP)-2, MMP-9, a disintegrin and metalloproteinase domain-containing protein-17 (ADAM17), a disintegrin and metalloproteinase with a thrombospondin type 1 motif-1 (ADAMTS1), ADAMTS4, thrombin, and plasmin, to be retained in the extracellular matrix (31) . To verify whether elevated levels of immunodetectable Synd4 were attributable to the accumulation of ectodomain in the interstitial space, we next measured the immunofluorescence intensity of Synd4 staining in the interstitial compartment demarcated as nuclear stain-free areas between the tubules of UUO and contralateral control kidneys. Notably, the antibodies used were raised against the ectodomain, and kidney sections were nonpermeabilized. As shown in Fig. 6A , the intensity of Synd4 immunofluorescence localized to the interstitium of UUO kidneys was increased twofold and threefold in WT and Sirt1 endoϪ/Ϫ mice, respectively. Indeed, these findings are in agreement with the MS data revealing elevated levels of Synd4 in the secretome of activated endothelial cells from Sirt1 endoϪ/Ϫ mice.
To further validate this assumption, we reanalyzed the proteomic findings and compared the detected peptide amino acid sequences to that of Synd4. We found that both detected sequences belong to the extracellular domain of Synd4 (Fig.  6B) , suggesting that its ectodomain could be shed under UUO stress and predominantly in Sirt1 endoϪ/Ϫ mice. It has been previously demonstrated that activity of ADAM17, one of the major Synd4 sheddases, is induced by oxidative stress (41) . Therefore, we inquired whether increased oxidative stress in Sirt1-deficient endothelial cells contributed to the shedding of Synd4. To accomplish this, we treated WT RMVECs with 50 M Sirt1 inhibitor III for 48 h and measured superoxide anion production using DHE. RMVECs treated with the Sirt1 inhibitor showed an eightfold higher DHE fluorescence intensity compared with RMVECs without Sirt1 inhibition (Fig. 6C) . The addition of TGF-␤ further potentiated the intensity of DHE fluorescence in Sirt1-inhibited RMVECs. These findings support our hypothesis of greater oxidative stress contributing to greater shedding of Synd4 in Sirt1-deficient endothelial cells.
In addition, it has been previously demonstrated that cleaved ectodomain of Synd4 represents a powerful chemoattractant for monocytes/macrophages (36) . Hence, we examined F4/80-positive infiltrating cells in the kidneys (Fig. 7) . F4/80 fluorescence was marginal in all uninjured kidneys. In UUO kidneys of WT mice, F4/80 staining was elevated 2.5-fold. A dramatic Fig. 8 . Sirtuin deficiency affects the endothelial glycocalyx, and the syndecan-4 (Synd4) ectodomain induces fibrosis. A: glycocalyx volume was diminished in endothelial sirtuin 1-deficient (Sirt1 endoϪ/Ϫ ) mice. Quantification of the glycocalyx volume (n ϭ 5). *P Ͻ 0.05. Data are expressed as medians, interquartile ranges, and ranges. B: ␣-smooth muscle actin (␣-SMA) was increased in renal fibroblasts after exposure to 1 g/ml of the Synd4 ectodomain (n ϭ 5). Scale bar ϭ 50 m. *P Ͻ 0.05. C: increased interstitial fibrosis after subcapsular injection of 1 g/ml of the Synd4 ectodomain (n ϭ 4). Scale bar ϭ 10 m. *P Ͻ 0.05. GFP, green fluorescent protein; WT, wild-type mice. endoϪ/Ϫ mice, this could lead to a reduction in the glycocalyx. Thus, we examined the total volume of this structural layer in the whole animal using a fluorophore dilution technique, as detailed above in MATERIALS AND METHODS. The premise behind this experiment was that if the above conclusions regarding an imbalance between the reduced quantity of intact Synd4 and increased extracellular pool of its ectodomain in Sirt1 endoϪ/Ϫ mice is correct, that should affect the structure critically enriched in it, the endothelial glycocalyx. Toward this end, glycocalyx-permeating 40-kDa dextranTexas red and glycocalyx-nonpermeating 70-kDa dextran-FITC were coinjected, and the volume of distribution for each was determined during the fast equilibration period of 3-5 min. As shown in Fig. 8A , the volume of the endothelial glycocalyx was significantly reduced already at the basal state in Sirt1 endoϪ/Ϫ mice. This finding is consistent with the presented body of evidence highlighting the induction of Synd4 occurring in parallel with the depletion of its intact form and accumulation of its extracellular fragment, the ectodomain, in Sirt1 endoϪ/Ϫ mice and explains the lower levels of Synd4 in Sirt1-deficient RMVECs under basal conditions. In fact, the observed impairment of the endothelial glycocalyx in these mice may, in part, explain their vasculopathic phenotype (6, 18, 32, 39) .
Effects of the Synd4 ectodomain on renal fibroblasts. To elucidate the possible profibrogenic effects of the ectodomain on renal fibroblasts, we isolated renal fibroblasts and exposed them to 1 g/ml of the Synd4 ectodomain in accordance with Schellings et al. (34) . Forty-eight hours after exposure, we fixed the cells and stained for ␣-SMA. We observed a ninefold increase of the ␣-SMA signal after Synd4 ectodomain exposure, indicating a higher transition of fibroblasts to myofibroblasts (Fig. 8B) . Furthermore, we performed a subcapsular injection of 1 g/ml of the Synd4 ectodomain and stained for picrosirius red 5 days after injection. As shown in Fig. 8C , the amount of interstitial fibrosis was greater in Synd4 ectodomain-treated kidneys compared with control kidneys. These results emphasize the pathogenic potential of the Synd4 ectodomain, even in the absence of other noxious stimuli, to induce a profibrotic phenotype.
DISCUSSION
Surprisingly little information exists on heparan sulfate proteoglycans in kidney disease. The role of proteoglycans and one of their major members, Synd4, in a variety of pathological processes has been a subject of a score of investigations. Synd4 transcript and protein expression are known to be induced by proinflammatory cytokines, in the processes of tissue remodeling and wound healing (1, 3, 7, 11, 23) . Overexpression of Synd4 preserves heart function in a model of myocardial infarction (43) . Synd4 knockout mice show delayed wound repair, increased LPS-induced mortality, and susceptibility to cardiac rupture after myocardial infarction (8, 14, 24) . It has been argued that these deleterious effects of Synd4 deletion could be due, at least in part, to the absence of its extracellular Fig. 9 . Schematic representation of the proposed relations between sirtuin 1 (Sirt1), NF-B, and syndecan-4 (Synd4). A: normally, Sirt1 deacetylates p65 and therefore prevents its nuclear translocation. HA, hyaluronic acid; HS, heparan sulfate. B: in Sirt1 deficiency, p65 translocates to the nucleus and increases the transcription of Synd4. Moreover, increased oxidative stress in Sirt1 deficiency induces the activity of a disintegrin and metalloproteinase domain-containing protein-17 (ADAM17) sheddase, leading to a greater amount of shedding and consequently to accumulation of interstitial form of cleaved Synd4, increased chemoattraction, and fibrosis. ectodomain (37) , rather than the absence of the whole Synd4 molecule.
The data presented herein show that endothelial Sirt1 deficiency, which aggravates renal fibrosis in UUO (39) , serves as a superinducer of this proteoglycan. We observed a dramatic Ͼ6-fold increase in Synd4 in the secretome of TGF-␤-activated microvascular endothelial cells isolated from kidneys of Sirt1 endoϪ/Ϫ mice, and we confirmed Synd4 induction in UUO kidneys. Despite the upregulation of Synd4, a major proteoglycan component of the endothelial glycocalyx and a binding partner of glycosaminoglycans comprising this structure, the expression of the glycocalyx was dramatically reduced in Sirt1 endoϪ/Ϫ mice. The above finding suggests that the integrity of this membrane-spanning glycocalyx-scaffolding molecule may be impaired, which is in accordance with our findings of decreased levels of Synd4 in Sirt1-deficient RMVECs. Pari passu, the experiments revealed a novel consequence of Sirt1 deficiency, loss of the endothelial glycocalyx, thus adding to a long list of endothelial abnormalities in this condition. One of the likely scenarios that explain the paradox of increased synthesis of Synd4 and its reduced cell-associated expression with enhanced appearance in the secretome of dysfunctional RMVECs is suggested by our finding of an 8-and 14-fold increase in superoxide generation under basal conditions and after cell stimulation, respectively. This is consistent with the known role of Sirt1 in deacetylating forkhead box O1 (FoxO1), a DNA-binding protein necessary for posttranslational modification of this transcription factor, which is required for its active modification and enhanced cellular defense against oxidative stress (5, 26) . Deficient Sirt1 expression or activity in diverse vasculopathies (25) results in the sustained oxidative stress. The latter, in turn, leads to activation of a redoxsensitive sheddase, ADAM17 (41) . Activation of this enzyme is ultimately responsible for the shedding of Synd4 (16) .
Remarkably, promoter regions of both Sirt1 and Synd4 harbor NF-B response element (37) . In fact, Sirt1 deacetylates p65 protein and disables its transcriptional activity (4, 44) . Consistent with this, activation of Sirt1 results in the inhibition of NF-B-dependent inflammatory reactions (30, 44) . The opposite is also true: inhibition of Sirt1 enhances NF-B signaling, which induces activation of heparanase, one of the multiple targets of this transcription factor (15) , and further degradation of the endothelial glycocalyx. These complex relations between Sirt1 and NF-B may explain why Synd4 is upregulated in Sirt1 endoϪ/Ϫ mice, as shown here (Fig. 9) . UUO, by providing an additional independent stimulus for the activation of NF-B signaling, further enhances Synd4 expression but at the same time activates even more mechanisms of its shedding and digestion of heparan sulfate. These mechanisms lead to potential pharmacological targets. Treatment with Sirtactivating compounds would inhibit NF-B signaling and therefore lower Synd4 expression. The administration of antioxidants would reduce the activity of sheddases and therefore decrease the amount of shed Synd4 ectodomain.
It is intriguing to compare our findings with previously published data demonstrating that Synd4 knockout protects against tubulointerstitial fibrosis and results in reduced tissue transglutaminase cross-linking activity (33) . Superficially, it contrasts with our findings implicating Synd4 in microvascular rarefaction and fibrosis. Actually, however, both sets of data emphasize the role played by the extracellularly deposited ectodomain of Synd4 in orchestrating fibrogenesis. It should be noted that Synd4 knockout mice, used in those and other studies, were generated through deletion of exons II and III with a portion of exon IV, all encoding for the ectodomain (13) . Hence, both the loss of function (in Synd4 knockout) and gain of function, albeit accompanied by increased shedding (in Sirt1 deficiency), studies argue in favor of profibrotic actions of the Synd4 ectodomain.
The physiology of the Synd4 ectodomain is noteworthy because it is highly distinct from functions of the whole molecule. The ectodomain of Synd4 promotes collagen crosslinking and activates proinflammatory signaling cascades, stimulating immune cell infiltration and therefore exhibiting a central role in chemotaxis (21, 36) . With the reduction of the endothelial glycocalyx and therefore reduced luminal barrier, immune cell infiltration is exhibited even more. On the basis of our experimental results and the existing body of published work, we speculate that it is the Synd4 ectodomain rather than Synd4 per se that is partially responsible for fibrosis in UUO and especially so when it is combined with endothelial dysfunction. It is this phenomenon that highlights the existing mechanistic link between dysfunctional endothelial cells and fibrogenesis via the loss of the glycocalyx and accumulation of the Synd4 ectodomain in the renal extracellular matrix.
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